The effects of parameters such as pressure, first anode radius, and the cavity diameter on the micro-hollow cathode sustained glow discharge are investigated by using a two-dimensional self-consistent fluid model in pure argon. The results indicate that the three parameters influence the discharge in the regions inside and outside of the cavity. Under a fixed voltage on each electrode, a larger volume of high density plasma can be produced in the region between the first and the second anodes by selecting the appropriate pressure, the higher first anode, and the appropriate cavity diameter. As the pressure increases, the electron density inside the hollow cathode, the high density plasma volume between the first anode and second anodes, and the radial electric field in the cathode cavity initially increase and subsequently decrease. As the cavity diameter increases, the high-density plasma volume between the first and second anodes initially increases and subsequently decreases; whereas the electron density inside the hollow cathode decreases. As the first anode radius increases, the electron density increases both inside and outside of the cavity. Moreover, the increase of the electron density is more obvious in the microcathode sustained region than in the micro cavity region. The results reveal that the discharge inside the cavity interacts with that outside the cavity. The strong hollow cathode effect and the high-density plasma inside the cavity favor the formation of a sustained discharge between the first anode and the second anodes. Results also show that the radial boundary conditions exert a considerably weaker influence on the discharge except for a little change in the region close to the radial boundary.
Introduction
Stable high-pressure plasma can be obtained between electrodes with pore sizes in the order of micrometers. Micro fraction has been extensively studied in the past 20 years. As a typical non-equilibrium discharge, the micro hollow cathode discharge (MHCD) is of particular significance [1] [2] [3] . MHCDs are gas discharges maintained between a hollow cathode and an arbitrarily shaped anode. Compared with conventional planar electrode discharges, MHCDs generally operate at a lower voltage and obtain a considerably higher current density and charged particle density. These special characteristics are the main features of the 'hollow cathode effect' appearing in hollow cathode discharge [3] [4] [5] [6] .
A micro hollow cathode sustained glow discharge structure is a special micro-discharge based on MHCD. This structure consists of a MHCD structure and a positively biased electrode (second anode). A large volume of plasma can be obtained in the region between the MHCD and the second anode, which is called the microcathode sustained (MCS) glow discharge [7, 8] . One advantage of MCS glow discharge over the conventional MHCD is its large volume of discharge plasma with higher electron density. Numerous experiments have been conducted to investigate the characteristics of the MCS glow discharge. Stark and Schoenbach were the first to use the discharge structure to experiment on Ar discharge under DC conditions [9] , and they obtained a large volume of stable DC glow plasma. Guangqing Xia et al utilized emission spectroscopy to determine the order of magnitude and variations of the parameters of MCS glow plasma [10] . Xinbing Wang et al studied the spatial distribution of the MCS glow discharge [11] . In addition, several studies have investigated the volt-ampere characteristic curve, the spacing between the second anode and micro cavity (MC), the voltage at the first and second anodes, and the effects of the parallel array MHCD on the MCS glow discharge [9, [12] [13] [14] [15] . The results revealed that a narrow space between the second anode and the MC, a high voltage at the first anode, a high voltage drop between the first and second anodes, and the parallel array MHCD favored the formation of the MCS glow discharge.
However, in view of the special structure of the cavity, the potential, electric field and electron density are difficult to obtain experimentally. In general, only a few parameters, namely, the discharge images, the discharge current, and the sustained voltage can be acquired experimentally. Therefore, numerical simulation has become a highly useful method for studying the characteristics of the MCS glow discharge. Though many simulations have been done on the MHCD, limited works have attempted to simulate the MCS glow discharge. Makasheva used a simplified quasi-neutral model to investigate the characteristics of the MCS glow discharge [12, 13] . They focused on MCS glow discharge volume in the region between the first anode and second anodes. In this model, the MCS region was decoupled from the cathode region and the MHCD was only considered as a current source. The charged particles were supposed to be quasineutral in the volume of the MCS glow region. Thus, this model could not adequately characterize the MCS glow discharge. In Makasheva's paper in [12] , a full discharge model was used to simulate the MCS glow discharge in xenon. However, only very basic results on the potential and electron density were given. In particular, they focused on the plasma chemistry, the interaction between the MHCD and the MCS glow discharge was not considered in their works [12, 13] . Moreover, up to now, no any works have been done to simulate the influence of discharge parameters on the characteristics of MCS glow discharge.
To further elucidate the mechanism of the MCS glow discharge and clarify the influence of discharge parameters on the characteristics of this type of discharges, a self-consistent two-dimensional fluid model is firstly used to investigate the effects of gas pressure, first anode radius, and cavity diameter on the characteristics of the MCS glow discharge. The entire discharge domain, including the MC and MCS regions, is simulated.
2. Discharge structure and numerical model 2.1. Discharge structure Figure 1 shows the schematic of the discharge cell, which is composed of a cylindrical MC and the second anode (A2). The MC is composed of a hollow cathode, a dielectric layer, and the first anode. The second anode serves as the anode for the MCS glow discharge. The diameter of the MC is D. The distance of the MC to the second anode is 600 μm. The thickness of the cathode, the dielectric layer, and the first anode is 100 μm. The radius of the electrodes is R, and that of the second anode is R 2 . The voltages at the first and second anodes are 220 V and 300 V, respectively. The cathode is grounded. The pressure is P. The environmental gas is pure argon. For convenience, the region in the cavity is named the MC region, and the region between the first and second anodes is referred to as the MCS region.
Numerical model
A fluid model is used for this discharge. Argon atoms (Ar), argon ions (Ar + ), electrons (e), metastable atoms (Ar m ) and the dimer metastable argon atoms Ar * 2 atoms are included in this model. The reaction processes include ground state ionization, ground state excitation, stepwise ionization, Penning ionization, de-excitation, two-body collision and threebody collision [16] [17] [18] .
The fluid model includes the continuity equation of particles, the electron energy balance equation and the Poisson equation.
The particle continuity equation can be expressed as:
where n j is the particle density, j represents the different types of particles ( j = e represents electrons; j=p represents ions; j=m represents the metastable atoms). Γ j is the particle flux density, and S j is the particle source term. The particle flux density is:
where μ j and D j are the mobility coefficients and diffusion coefficients of particle j, respectively. E is the electric field. The electron energy equation is:
where n e e e is the electron energy density, e G e is the electron energy flux density, and S e is the electron energy source term.
The electron energy flux density is:
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The Poisson equation is:
where j is the potential, e is the permittivity, and q e is the elementary charge. The equations are solved under the following boundary conditions:
The electrons flux on the electrodes is [19] : 
where γ is the coefficient of the secondary electrons. The positive ions flux on the electrodes is:
/ is the thermal velocity, and n is the unit normal vector toward the wall. Parameter A is set to 1 if the electric field is directed toward the electrode and 0 otherwise.
A symmetric boundary condition is set on the gas boundaries (top and bottom boundaries). The flux density of the charged particles j G and the perpendicular component of the electric field E are set to 0 at those boundaries [20, 21] .
The computational step changes from 10 −15 s to 10 −10 s as the calculated error changes for each step. Figure 2 shows the potential distribution at different pressure values. The radius of the first anode and the cavity diameter are same for the four cases at different pressures. The radius of the first anode is R=200 μm, and the cavity diameter is D=100 μm. Here, the characteristics of the potential distribution are similar under different pressure. In the hollow cathode region, the cathode sheath is located in the region close to the cathode electrodes, and the negative glow is located in the center of the hollow cathode. In a short distance of 10 μm from the cathode surface to the center of the hollow cathode, the potential rapidly increases from 0 to 280-285 V, resulting in a strong radial electric field near the cathode region, as shown in figure 3 . An annular equipotential line is formed in the central region of the hollow cathode. The value of this equipotential line corresponds to the value of the virtual anode. The value of the annular equipotential potential exceeds the 220 V potential at the first anode. This phenomenon is due to the effect of the high potential of the second anode. The annular equipotential line indicates that the negative glow regions overlap for cathodes of different directions, and that a hollow cathode effect exists [22, 23] . For the entire MCS region from the first to the second anode, the voltage drop is extremely low in a range of 10-15 V. Consequently, the electric field in this region is low. In addition, the potential near the second anode exceeds 220 V, indicating that the first anode loses the role of anode and becomes the role of a cathode. A clear cathode sheath structure appears in the vicinity of the first anode, which facilitates the production of new electrons.
Simulation results and discussion

Effect of pressure on the discharge characteristics
The potential distributions under different pressures display slight differences. When the pressure is 100, 120 and 140 Torr, the annular equipotential line in the cathode cavity is maintained at 290-291 V. When the pressure rises to 150 Torr, the virtual anode voltage becomes 286 V. As the potential in the cathode cavity decreases, the potential in the MCS region increases. This finding indicates that the effect of the second anode on discharge in the MC region is weakened by the increasing pressure. Figure 3 shows the distribution of radial electric fields under different pressures. The influence of pressure on the radial electric field in the negative glow (the region with a low electric field) is insignificant, whereas that in the cathode sheath region (the region with a high electric field) is obvious. In the pressure range of 100-140 Torr, the radial electric field in the cathode sheath region is slightly increased as the pressure increases. When the pressure is 150 Torr, the peak value of radial electric field in this region decreases to 275 kV cm −1 , and the thickness of the cathode drop zone is significantly increased because of the voltage reduction of the virtual anode in the cathode cavity. Figure 4 shows the electron density distribution under different pressures. Figure 5 shows the radial distribution of the electron density at x=40 μm. A peak value of electron density is located in the center of the hollow cathode at 100, 120 and 140 Torr. When the pressure is 150 Torr, the electron density displays two peaks off the center. The peak values of electron density vary for different pressures. In the pressure range of 100-140 Torr, the peak value of electron density increases with pressure from 2×10 15 cm −3 at 100 Torr to 5.9×10 15 cm −3 at 140 Torr. The peak value of electron density drops significantly to 4.3×10 15 cm −3 when the pressure is 150 Torr. When the pressure is increased appropriately, the ionization probability increases because of the increase in the density of the neutral particles, which contributes to the generation of new electrons. As such, the electron density increases as the pressure increases. However, when the pressure is excessively high at a constant sustained voltage, the radial electric field decreases drastically, and the discharge becomes weaker than that at 140 Torr. Consequently, the high-energy electrons decrease. Moreover, the electrons can easily escape from the cavity before an adequate ionization occurred in the cavity because of the increase of the axial electric field. The electron density is reduced accordingly in the cavity. Therefore, if the pressure is further increased, the electron density would be further reduced, and the two electron density peaks would be further separated.
Changes in the potential, the electric field, and the charged particles also affect the discharge current density. The averaged discharge current density on the surface of the hollow cathode initially increases with increasing of pressure and subsequently decreases when the pressure is 150 Torr. The averaged discharge current densities are 4.52 A cm −2 , 7.56 A cm −2 , 9.38 A cm −2 and 6.05 A cm −2 at 100 Torr, 120 Torr, 140 Torr, and 150 Torr, respectively. These results follow the same order as the experimental results [7, 9] .
The electron density in the MCS region is considerably lower than that in the cavity, and gradually decreases farther from the axis. To analyze the changes of the high density plasma region, this study uses the changes of two electron density lines at 5×10 13 cm −3 and 1×10 14 cm −3 as the standards for describing the changes of the high density plasma region under different conditions. The change trend of the high density plasma volume in the MCS region is similar to that of the electron density in the cathode cavity. The high density plasma region in the MCS region increases with increasing pressure in the range of 100-140 Torr, but markedly decreases at 150 Torr. In the present, if a high particle density, a high current density, and a high degree of overlapping negative glow regions for cathodes of different directions are set as the criteria for the hollow cathode effect [6, 22] , then a higher particles density, a higher current density, and a higher degree of overlapping negative glow regions represent a stronger hollow cathode effect in the discharge. Therefore, the obtained results indicate that the discharge in the MCS region is strongly influenced by the high density plasma and the strong hollow cathode effect in the MC region. Figure 6 shows the electron density distribution for different cavity diameters. The radius of the first anode and the gas pressure are same for different cavity diameters. The radius of the first anode is R=200 μm, and the pressure is 100 Torr. The discharge current densities on the hollow cathode surface are 4.52, 3.95, 3.19 and 2.62 A cm −2 . Figure 7 depicts the one-dimensional distribution of the electron density at x=40 μm. The peak of the electron density in the hollow cathode decreases as the diameter of the cathode hole increases. The electron density distribution gradually changes from one peak at the center of the hollow cathode to two peaks close to the cathode surface. The reason is that the diameter of the cathode hole increases, the negative glow regions corresponding to different cathodes are not overlapped, and the hollow cathode effect is weakened compared with that in a smaller cavity diameter.
Effects of cavity diameter on the discharge characteristics
In the MCS region, the volume of the high-density plasma (5×10 13 cm −3 ) increases in the radial direction as the diameter increases, although the increasing rate steadily decreases. For the axial direction, the extending length of the high-density plasma (5×10 13 cm −3 ) increases as the cavity diameter increases in the range of 100-200 μm, and decreases as the diameter is 300 μm. For example, the length sharply drops from 839 μm for a diameter of 200-809 μm for a diameter of 300 μm. Therefore, in general, the electron density in the MCS region initially increases and subsequently decreases with the cavity diameter. This change trend can be clearly observed in the change of the high electron density at 1×10 14 cm −3 . On the one hand, in view of the increasing cavity diameter, in the MC region, the high density plasma region (e.g. the volume of electrons at the density of 5×10 13 cm −3 ) around the orifice of the cavity gradually increases, such that the high density plasma can be easily injected into the MCS region from the orifice, resulting in an increased electron density in the MCS region. On the other hand, the increasing cavity diameter weakens the hollow cathode effect and decreases the electric field in the cathode sheath, such that the high energy electron density in the cathode cavity is reduced. Therefore, when the injecting electrons move from the orifice to the second anode, the new electrons ionized from the electrons injected from the cavity decrease. Thirdly, when the diameter of the cavity is excessively large, the electron density in the cathode cavity decreases, causing the plasma region with a considerably higher electron density (1×10 14 cm
) to become narrow in the radial direction at the orifice, which baffles a stronger discharge in the MCS region. Figure 8 displays the electron density distribution in Radial distribution of electron density under different radial boundary at y=600 μm. (n ew : the electron density for the wide radial domain boundary, n en : the electron density for the narrow radial domain boundary.) Figure 11 . Axial distribution of electron density under different structures at y=0 μm. the axial direction. As shown, the electron density at the orifice decreases as the cavity diameter increases. As the cavity diameter increases, the electron density in the MCS central region initially increases and subsequently decreases. Therefore, the obtained results also suggest that the highdensity plasma and the strong hollow cathode effect in the cathode cavity promote the formation of the discharge in MCS region.
Effect of the radius of the first anode on the discharge characteristics
In this section, to avoid the boundary influence on the expansion of the MCS glow discharge in the radial direction, the same computational domains are used for different radii of first anode. The diameter of the second anode is R 2 = 450 μm, and the simulated radial domain is from −450 μm to 450 μm for the entire MCS region. The pressure is 100 Torr. The cavity diameter D is 100 μm for different radii of the first anode. Figure 9 (b) shows the electron density for the first anode with 200 μm radius under the present boundary condition (a wide radial domain). The discharge domain (the gray part labeled with 'gas' in figure 9(b) ) is supposed to be gas in the range from 250 μm to 450 μm and from −250 μm to −450 μm at the radial axis in MC region. In section 3.1, the electron density at a narrow radial domain (the radial domain is form −250 μm to 250 μm) has been shown in figure 4(a) . Figure 10 shows the one-dimensional radial distribution of the electron density at x=600 μm for the two different boundary conditions. Compared with figures 4(a), 9(b), and 10, the electron density shows a weak decrease at the narrow radial domain condition compared with that at the wide radial domain in the region close to the boundary (y=±250 μm). However, the difference of the electron density between two cases becomes smaller farther from the boundary (y=±250 μm). The boundary conditions exert a considerably weaker influence on the discharge in the center of the MCS region and in the cavity. Because the researchers focus on the MCS region with a high electron density in MCS glow discharge, the influence of boundary conditions on the MCS glow discharge can be neglected in the present.
The discharge current densities on the hollow cathode surface are nearly equal for different radii of the first anode. Figure 9 shows the electron density distribution for different radii of the first anode at 100 Torr. A large volume of plasma with high electron density is formed between the second and the first anodes under three different discharge structures, and the qualitative characteristics of electron density distribution under the three conditions are same. However, the quantities of the electron density are different. Figure 11 shows the electron density ratio for the cases with 200 and 400 to 100 μm at y=0 μm. The electron density in the hollow cathode slightly increases with increasing radii of the first anode, and the peak electron density is 1.9×10 15 for 400 μm. The increase in electron density with increasing radius of the first anode is more obvious in the MCS region than in the MC region. The high density plasma region expands both in the radial and axial direction, suggesting that the volume of the high density plasma region increases. The expansion due to the increasing radius of the first anode radius is particularly obvious for the plasma discharge area of 1.0×10 14 cm −3 . That is, the radius of the first anode radius greatly affects the discharge in MCS region. Figure 12 shows the potential distribution when the radius of the first anode is 400 μm. Compared with that in figure 2(a) , the radius of the first anode exerts an insignificant effect on the potential distributions in the entire discharge region. However, figure 12 shows that the potential near the first anode is higher than the potential of the first anode (220 V), indicating that the first anode at this time fully acts as a cathode. As the radius of the first anode (i.e., the area of the first) increases, new electrons from the secondary electron emission on the surface of the first anode increase. On the other hand, the ionization region increases as the cathode region near the first anode increases. These two cases contribute to the increase in the electron density in the MCS region. The increase of electron density in MCS region also contributes to the discharge development in the MC, such that the electron density in the MC is also slightly increased. Figure 13 shows the averaged electron energy distribution when the radius of the first anode is 400 μm. There exist two group electrons with high energy. One is located in the region near the hollow cathode electrode, and the other is located in the region surrounding the first anode. Specifically, outside of the cavity, the averaged electron energy near the first anode is also considerably higher than that in the other regions in the MCS region. It means that the electrons can be accelerated in the region near the first anode, confirming that the first anode facilitates the formation of the discharge in the MCS region. An ionization reaction can appear in this region. The averaged electron energy is in the range of 1.0-1.5 eV in the MCS central region.
Conclusion
Compared with the micro-hollow cathode discharge, the greatest benefit of the micro-hollow cathode sustained discharge is increasing the discharge volume with high-density particles outside of the hole. Thus, this paper focuses on this point. The pressure, the radius of the first anode, and the diameter of the cathode hole affect MCS glow discharge. The pressure and the diameter of the cathode holes exert a bigger effect on the discharge in the MC region than that in the MCS region. The MCS glow discharge changes with changes of the hollow cathode effect and the electron density inside the cavity. These findings indicate that the MHCD induced an important effect on the discharge in the MCS region. On the other hand, the first anode significantly contributes to the generation of new electrons in the MCS region. As the electron density in the MCS region increases, the electron density in the MC region also increases, indicating that the discharge in the MCS region also affects the discharge in the MC region. Those confirm that the discharge in the MC region interacts with that in the MCS region. A larger discharge volume with high density plasma can be obtained by changing the discharge conditions. The results show that the high-density plasma and the strong hollow cathode effect in the cathode cavity greatly promote the formation of the MCS glow discharge. Results also show that the radial boundary conditions exert a considerably weaker influence on the discharge except for a little change in the region close to the radial boundary.
